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Abstract 
The research presented in the paper moves from the results of a feasibility study recently carried out for the development of an 
offshore wind farm off the cost of Rimini, in the Northern Adriatic Sea. The work, based on in-situ measurements of the 
environmental conditions, assessed the suitability of the considered area for the development of a relatively large wind farm, 
although at the profitability limit. The study has considered 60 offshore wind turbines installed on monopiles, as they are, at present, 
the most common solution and a quantification of the investment costs could be reliably completed. With reference to such case, 
the paper addresses the use of caisson foundations, a convenient alternative to monopiles in water of shallow to intermediate depth, 
with the final aim of improving the overall cost-effectiveness of the investment.  
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
In Italy, wind energy is entirely provided by onshore plants, although interest is now growing towards the 
deployment of offshore wind. In the last few years, a significant research activity has enabled to locate the most 
promising spots in Southern Italy. Available feasibility analyses in fact, address the development of offshore wind 
farms off the Puglia [1] and Sicily [2] regions. In such studies, offshore wind turbines are located a few kilometers 
from the shoreline, where shallow water (less than 35 m deep) is found and no special technology for the foundation 
 
 
* Corresponding author. Tel.: +39-051-2093521; fax: +39-051-2093527. 
E-mail address: l.govoni@unibo.it 
 016 The Authors. Published by Elsevi r Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under the responsibility of the organizing and scientific committees of CNRIG2016
393 Laura Govoni et al. /  Procedia Engineering  158 ( 2016 )  392 – 397 
systems is required. The widespread presence of deep water near shore provides, in fact, a natural constraint for the 
diffusion of wind plants, as related environmental impact becomes critical to obtain construction permits in high-
density touristic areas. The use of floating wind turbines is recognised as a possible solution, as they can be installed 
in deep waters [3], however, the development of such structures is still subjected to serious technical challenges, 
notably for the design of mooring and anchoring systems under complex non-linear and dynamic loading conditions 
[4] and [5]. A recent technical and economic feasibility study has considered a different location, as it offered very 
favourable siting conditions and no particular natural constraints [6]. The area was located off the coast of Rimini in 
the Northern Adriatic Sea. The study assessed the technical and economical feasibility of an offshore plants made of 
60, commercially available, wind turbines able to yield a gross energy of about 380 GWh/y. Although proved feasible, 
the development of the wind plants was shown to be at the profitability limit, with a net present value (NPV) equal to 
17.11 M€ and an internal rate of return (IRR) of 8.62%, slightly above the average rate of 8.12% expected for this type 
of investment. The evaluation of the investment costs was based on the use of monopile as foundation system for the 
wind turbine, as piles technology is well consolidated for applications as such and costs could be estimated with 
reasonable certainty. With reference to this case study, the paper presented herein investigates the potential use of 
caisson foundations, as a convenient alternative to monopiles for wind turbines. A single caisson (monopod) 
foundation would, in fact, provide important advantages, such as a relatively small amount of steel involved 
accompanied by a simple and economical installation, resulting in an overall reduction of the entire foundation cost of 
about 20% [7], enhancing, thus, the overall profitability of the investment.  
2. Details of the offshore wind farm 
The offshore plant, made of 60 wind turbines, is potentially located in the Northern Adriatic Sea, off the coast of 
Rimini (Italy) as depicted in Fig. 1, on a schematic map of the current sea uses [8]. Within the boundaries of territorial 
waters, about 12 km far from the coast, the area overlaps a wide district for gas extraction, already provided with 
several productive platforms. Water is relatively shallow at the area, with depths ranging between 15 m and 23 m, as 
it is well described by the isobaths. Geological details are also provided in Fig. 1, where the available geological 
section BB’, is shown according to [9]. Three geological units, almost evenly spaced, can be identified below the sea 
bottom: i) a prodelta and internal platform pelite complex, consisting of clays and clayey silts; ii) a succession of clays 
and clayey silts with bioclastic sands; iii) the continental deposits, mainly constituted of overconsolidated clays. The 
position of the directional wave buoy named “Nausicaa” and the location of the methane platform “Azalea B” are also 
highlighted in Fig. 2. Wave conditions have been, in fact established based on the data collected by the buoy, which 
provides the significant wave height, the peak period, the mean period and the direction of wave propagation (Dir) at 
30 min intervals, since 2007. Platform “Azalea B” hosted the anemometers involved in the wind measurement 
campaign, carried out between years 2008 and 2013. The probability density of the wind speed at 80 m above the 
mean sea level obtained from these data, is shown in Fig. 2a, where the average observed wind speed of 5.97 m/s is 
also inserted along with the Weibull distribution of best fit parameters N = 1.72 and O = 6.7 m/s.  
A commercially available offshore wind turbine was considered. The structure features a 120 m diameter rotor and 
a hub height of 100 m above the sea level. The weight of the nacelle is 1,226 kN and the weight of the rotor is 981 kN. 
The rated power is 3.6 MW and the power curve, which provides an indicator of the power as a function of the average 
wind speed at the level of the rotor hub, is given in Fig. 2b. The capacity factor of the turbine at the study area has 
been calculated from such power curve and from the experimental probability distribution of wind speed (Fig. 2a) 
equal to 25%, for a wind farm size equal to 216 MW.  
Typically, the turbine and the tower are sold by the manufacturer as a single item, while the support structure, made 
of the foundation and transition piece - is separately provided and specifically designed. The structural design of the 
support structure follows the evaluation of the forces acting on the structure, whose qualitative distribution is shown 
in Fig. 2c: the forces acting on the rotor (Frotor), the drag force, per unit length, exerted by the wind on the tower above 
the sea level (fwind) and the force, per unit length, exerted by the waves on the tower below the sea level (fwave). The 
environmental data, recorded at the site, were interpreted to the scope, with a proper consideration of the extreme 
events distribution, using the peak over threshold (POT) method. Results enabled to identify the extreme conditions, 
represented by wind at 100 years return period, and service conditions, with waves at 1 year return period and wind 
394   Laura Govoni et al. /  Procedia Engineering  158 ( 2016 )  392 – 397 
taken equal to 12.5 m/s (i.e. the value of wind speed at which the turbine reaches the rated power, according to the 
power curve of Fig. 2a).  
 
  
Fig. 1. Details of the offshore wind farm on a map of the area redrawn from [8,9]. 
 
Fig. 2. Wind resources and wind turbine: (a) wind speed probability density curve and best fit Weibull curve, (b) power curve of the wind turbine 
and (c) scheme of the environmental actions on the wind turbine. 
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In Table 1, the static environmental conditions are listed, following the notation introduced in Fig. 2d. Further 
details on the wind and waves actions on the structure are found in [6]. 
                         Table 1. Design environmental conditions at the area of study 
Conditions Frotor [kN] Fwind (0.1%) [kN/m] Fwave,top [kN/m] Fwave,bottom [kN/m] 
Extreme 105 3.6 190 111 
Service 963 1.1 90 42 
 
3. On the potential use of monopod caisson foundations  
A preliminary design of the foundations follows the evaluation of the combined loads acting at the tower base in 
both service and extreme conditions. Actions on the foundations include the weight of the structure and the 
environmental loading as estimated in Section 2. According to the notation introduced in Fig. 3, values of vertical 
load (V), static horizontal load (H) and static overturning moment (M) are respectively 13 MN, 3.2 MN, 67.5 MNm 
in extreme conditions (still rotor) and 13 MN, 2.2 MN, 135 MNm in service conditions. The value of vertical load has 
been computed as the sum of the weight of single components of the offshore wind turbine: the rotor, the nacelle, the 
tower and the support structure. These data fall in the common range of static environmental loads on foundations of 
wind turbines as summarised in [10]. In the present study, a caisson - a shallow footing provided with a steel skirt 
with an aspect ratio (length to diameter L/D) typically less than one - has been considered in single configuration 
(monopod) as foundation system for the wind turbine. 
 
 
Fig. 3. Schematic drawing of the foundation of the wind turbine installed in a) clay and b) sand 
Following the information provided by the geological section of Fig. 1, and without accurate geotechnical data, 
two simplified uniform soil profiles have been assumed for a preliminary analysis. In particular, in undrained 
conditions (assuming the foundation installed in soft clay) a uniform soil profile has been assumed, with an undrained 
shear strength linearly increasing with depth at a rate of 3.5 kPa/m, suitable for offshore soft clay deposits [11] and 
ensuring an undrained shear strength of 70 kPa at the top of the deeper layer of overconsolidated clay (assumed at 
about 20 m from the mudline). As for the effective stress analysis, it assumed that the foundation is installed in a sandy 
soil of a 30° angle of shearing resistance, with a saturated unit weight of 20 kPa. The combined bearing capacity 
analysis of the caisson foundation has been based on the novel approach proposed in [12] for undrained conditions. 
The approach has made use of interaction diagrams in the V:H:M space for circular, skirted foundations in a 
generalized form which can account for the effects of the embedment ratio (L/D), the soil strength heterogeneity and 
the vertical load mobilization (V0). According to the procedure, dimensions shown to be safe are: diameter D = 16 m, 
embedment depth L = 8 m and thickness t = 0.03 m. Due to the lack of a similar procedure to examine the combined 
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bearing capacity of a caisson foundation in sand, able to take in due consideration the effects of the embedment ratio 
(L/D) and of the vertical load mobilization (V0), a simplified numerical study has been carried out. The study has 
involved a series of swipe tests, a well-established experimental technique to investigate shape and size of the yield 
surface in the V:H:M space from one single test [13], whose numerical reproducibility was shown in [14]. Large strain 
finite element tests were carried out on a solid strip footing in a simplified Mohr-Coulomb soil (I’= 30°, \ = 8°). Two 
aspect ratios were explored (L/D = 0, L/D = 0.5) at various levels of vertical load mobilization (V0). Swipe tests carried 
out on the footing resting on the soil surface (L/D = 0) have enabled to assess the ability of the model to reproduce 
available experimental results on flat surface footings.  
The equation of the drained yield surface is generally expressed by the following functional form [13] 
 
2
0
2
0
2
00
2
0
2
0
2
0
2
2
0
2
0
2
14
/
2
¸¸¹
·
¨¨©
§ ¸¸¹
·
¨¨©
§  
 

V
V
V
V
q
q
mhV
DMH
a
mV
M
hV
H
   (1) 
where h0, m0 and a, are parameters which describe the shape and size of the yielding surface and D is the footing 
diameter. 
In Fig. 4, results of the FE analyses are shown. In particular, Fig. 4a displays the dimensionless load paths tracked 
by the surface footing model during a series of swipe tests performed from various values of V0. Results are plotted 
against the section of the yield surface (eq. 1) at V/V0 = 0.5. The yield surface parameters, also provided in Fig. 4a, 
have been calibrated through a least square regression and are consistent with those derived from recent centrifuge 
experiments [15], assessing the ability of the surface foundation model to reproduce successfully the experimental 
response.  
 
 
Fig. 4. Results of numerical swipe tests in terms of dimensionless moment vs. dimensionless horizontal load for a) surface footing (L/D= 0) and c) 
embedded footing (L/D = 0.5) and in terms of dimensionless vertical load vs. dimensionless deviatoric load for b) surface footing (L/D= 0) and d) 
embedded footing (L/D = 0.5). 
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The quality of the fit can be appreciated in Fig. 4b, where all data are shown against eq. 1 (dashed line). Swipe 
paths for the embedded footing are shown in Fig. 4c. Tests have been carried out at two different values of vertical 
load V0, shortly described as low (grey lines) and high (black lines). It can be observed that, in this case, the value of 
vertical load V0, from which tests have been carried out, significantly affects the extent of the paths in the normalised 
plane. In Fig. 4c slices of the yield surfaces at V/V0 = 0.5, as calibrated against the data, are also shown (dashed lines). 
Two different set of parameters are therefore needed to describe the yield surface passing through low and high values 
of load V0, as inserted in Fig. 4c. The quality of the fit can be observed in Fig. 4d, where all the data are plotted along 
with eq. 1.  
The results of the analyses can be used to preliminary assess the ability of the caisson (diameter D = 16 m and L/D 
= 0.5) to withstand the design loads, considering the yield surface passing through the vertical centered bearing 
capacity calculated equal to 970 MN (Vmax). By substituting V0 = Vmax in eq. 1 (with embedded foundation parameters, 
low values of V0) and considering the design load paths (HD/M = 0.26 in extreme conditions and 0.76 in service 
conditions), it is straightforward to verify that the caisson is able to carry the design loads also in drained conditions.  
4. Concluding remarks 
In the paper, the use of caisson foundations for offshore wind turbine has been explored with reference to the 
feasibility of an offshore wind farm off the cost of Rimini, in the Northern Adriatic Sea. The area was previously 
shown as potentially suitable for the development of a relatively large wind farm, but with limited profitability. 
Evaluation of costs were based on the use of monopiles as foundation systems for the offshore wind turbines. A 
possible solution to reduce the investment costs could be offered by the use of caisson foundations, an economically 
more convenient alternative to monopiles in shallow to intermediate water depths. A preliminary assessment of the 
technical feasibility of this solution has been carried out using the macro-element approach.  
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